• New method to measure intrinsic CO 2 adsorption kinetics for amine sorbents.
Introduction
Because of anthropogenic emissions of CO 2 the concentration in the atmosphere is increased from 250 ppm in pre-industrial area to more than 400 ppm nowadays [1] . Air capture is needed to lower the concentrations [2] and might even be necessary to meet the Parisian climate goals [3, 4] . Additionally, air capture of CO 2 opens the opportunity of producing renewable fuels at locations with excess renewable electricity but without point sources of CO 2 . For example, methanol can excellently be produced from CO 2 and renewable H 2 [5] [6] [7] . Alternatively, air captured CO 2 can be used in green houses to raise CO 2 concentrations or for algae cultivation [8] .
Choi et al. [9] published an overview of the properties of multiple solid sorbents for CO 2 capture. It was shown that solid amine sorbents are excellent CO 2 capture compounds because of high capacities at low partial pressure of CO 2 and low regeneration temperature (<°C 100 ) [9] .The advantages of solid amine sorbents versus liquid amine solvents for CO 2 capture are given by Shakerian [10] . Ünveren et al. [11] reviewed the mechanism and capacity of CO 2 adsorption on different solid amine sorbents.
The solid amine sorbent used in this study is Lewatit VP OC 1065, which is polystyrene spherical sorbent with a benzylamine functional group. In literature Lewatit VP OC 1065 is shown to be an effective sorbent for flue gas CO 2 capture [12] , CO 2 capture from biogas [13, 14] , deep removal of sour gases from natural gas [15] and air capture of CO 2 [16] .
For adsorption of CO 2 in aqueous amine systems two reaction mechanisms are commonly assumed. That is, the zwitterion mechanism initially proposed by Caplow [17] and the termolecular mechanism initially proposed by Crooks and Donnellan [18] . In the termolecular mechanism it is assumed that the amine bonding to CO 2 and the proton transfer from the amine to an additional base is simultaneously. Whereas, in the zwitterion mechanism this process is assumed to be a two step process with the zwitterion as an intermediate. In aqueous systems the additional base can either be a H 2 O molecule or an amine group. More details about the reaction mechanisms of aqueous benzylamine can be found in publications of Mukherjee et al. [19] and Richner et al. [20] . Mukherjee et al. [19] concluded that the termolecular mechanism is more likely than the zwitterion mechanism based on interpretation of experimental results of CO 2 absorption in aqueous benzylamine.
In absence of H 2 O during CO 2 adsorption on solid amine sorbent the only available base for reaction is another amine group. Therefore two amine groups should be in close proximity to adsorb one molecule of CO 2 . Molecular modelling of Lewatit VP OC 1065 by Buijs and de Flart [21] showed that the amine groups alternate in position and are in close vicinity of each other. This shows that two amine groups could react with each other despite being fixated on the surface. DFT calculations by Buijs and de Flart indicated that the either the H 2 O catalyzed (in humid conditions) or the amine catalyzed (in dry conditions) formation of a carbamic acid is the most likely reaction mechanism.
Membane et al. [22] showed the importance of diffusive intermediates in the CO 2 adsorption in PEI on silica. Hypothesised was the mobility of zwitterions, however DFT calculations questioned the stability of zwitterions in dry conditions. For the adsorption of CO 2 on amines on SBA- 15 Hahn et al. [23] showed the formation of carbamate using in situ FTIR. In the presence of H 2 O the carbamate was found to be more stable. Yu et al. [24] found the formation of carbamate for primary amines while carbamic acid was formed for secondary amines. Again H 2 O was found to stabilize the products. Bacsik et al. [25] showed formation of both carbamate and carbamic acid using insitu FTIR for propylamines on silica. Literature seems to have reached consensus that carbamate is formed with primary amines on solid sorbent. The exact mechanism however remains unclear, although DFT calculations question the formation of zwitterions. Therefore, the formation by a termolecular mechanism seems more likely.
Analysing kinetics of adsorption is important for reactor sizing and process optimization. Commonly, kinetics of adsorption are determined in fixed bed experiments [26] [27] [28] [29] or in TGA apparatus [30] [31] [32] [33] [34] [35] . However, in fixed bed adsorption experiments isothermal plug flow conditions are almost never achieved. Therefore, significant numerical modelling [26] has to be applied to determine kinetics from fixed bed operation and account for dispersion and temperature increases. In TGA, supply limitations might be present due to low gas flow rates and isothermal operation is challenging. Therefore, to determine intrinsic kinetics more accurate experiments have to be performed. For example, in a spinning basket reactor [36] or a differential fixed bed [37] . This paper describes an new experimental method to measure intrinsic kinetics of CO 2 adsorption on solid amine sorbents. In this method an flat bed reactor is used in combination with the supply of pure CO 2 to the sorbent. Thereby, mass transfer and supply limitations potentially are eliminated and good heat transfer is achieved by direct contact of the sorbent with the temperature controlled bottom plate. Validation of the new experimental method is discussed. Next to the new experimental method, results for the intrinsic kinetics of Lewatit VP OC 1065 are shown. This is one of the few studies were intrinsic kinetics -totally in absence of transport limitations -of CO 2 adsorption on solid amine sorbents are discussed.
Materials and methods

Materials
The solid amine sorbent studied in this work is Lewatit VP OC 1065 supplied by Lanxess. Lewatit VP OC 1065 has a primary benzylamine group that reacts with CO 2 [38] . The benzylamine group is supported on a polystyrene backbone crosslinked with divinylbenzene. The sorbent is shipped as spherical particles with an average diameter of 520 μm. The surface area, pore volume and pore diameter are 50 m 2 g −1 , 0.27 cm 3 g −1 and 25 nm respectively [39] . The CO 2 gas used is supplied by Praxair, the Netherlands in 99.9993% purity. More material properties, model symbols and abbreviations can be found in Table 1 .
Experimental Setup
About 1.35 gram of sorbent is loaded in a flat bed reactor (see Fig. 1 ) of 150 mm diameter and 10 mm height constructed of stainless steel. A thin layer of sorbent -close to monolayer -is in contact with the thermostated bottom plate of the reactor. The thin layer of sorbent is covered with a 5 μm wire mesh topped with 1 mm diameter stainless Fig. 1) ) to the headspace in the reactor (E-2, Fig. 1 ) through the inlet in the cylindrical wall. Pressure in the reactor and supply vessel is monitored by high precision pressure sensors (Heise DXD ± 0.02% full scale, PI-1: 0-30 PSI, PI-2: 0-20 PSI). The pressure inside the reactor is controlled by a pressure controller (PCV-1, Fig. 1, Brooks 5866 series) . Because the response of the pressure control valve is slow compared to adsorption kinetics a bypass solenoid valve (V-2, Fig. 1 ) is installed to instantaneously increase the reactor pressure to the experimental pressure. The opening of the valves and data acquisition is performed using Labview. The bypass valve is opened for a few hundred milliseconds after which it is automatically closed. Flow through V-2 can be restricted by a needle valve. Temperature is monitored using PT-100 temperature sensors. Temperature is monitored in the buffer vessel (TI-1, Fig. 1 ) and two radial positions inside the reactor (TI-2 and TI-3, Fig. 1 ).
Experimental and interpretation methods
An experimental cycle consist of three steps: regeneration, cooling and experiment. The same batch of sorbent is reused for all experiments. Regeneration is performed at 80°C and vacuum pressure (< 1 mbar) to clean the sorbent from CO 2 . Before the first experiment of a sorbent batch the sorbent is cleaned from water and CO 2 by heating to 80°C and purging nitrogen overnight. After 1.5 h of regeneration, cooling to the experimental temperature is performed under vacuum pressure. At the start of the experiment, the reactor is at experimental temperature and vacuum pressure (< 1 mbar). The supply vessel has a pressure of approximately 2 bar of pure CO 2 and is at room temperature at the start of the experiment. Next, the pressure control valve and bypass valve are opened in parallel (defined as = t 0). From this point on the experiment is performed at isothermal and isobaric (after reaching the experimental pressure) conditions. Experiments have been performed at 50/100/200 mbar and in the temperature range of 5-40°C.
Using the pressure and temperature in the supply vessel and the reactor the number of moles of CO 2 on the sorbent can be calculated using Eq. (1) In this equation the (small) volume of the pipelines upstream and downstream the valves is clubbed with respectively the value for the buffer vessel volume or the reactor volume. The compressibility factor of CO 2 is not taken into account because the maximum pressure is 2.5 bara, which means the compressibility factor is higher than 0.99 [41] . Following, the sorbent loading can be calculated from Eq. (2) where m sorbent,wet [kg] is the wet sorbent mass as weighted and MC sorbent the moisture content on the stock sorbent, see Table 3 . (1)
From the sorbent loading the adsorption kinetic constant (k ads ) is found by fitting the integrated rate equation (see Section 2.4) on the experimental loading versus time curve. The rate equation is integrated either manually for the linear driving rate force equations or numerically using the ode45 function in Matlab for the Toth rate equation. Fitting of the loading curve is performed by the least-square fit function lsqcurvefit in matlab.
Reaction rate equation
In this study we evaluate the sorption kinetics of CO 2 on a solid amine sorbent, aiming to identify the intrinsic reaction kinetics in absence of mass transfer limitations. In the evaluation multiple kinetic rate equations are used. Below, the equations used are shortly summarized:
• Pseudo-first order linear driving force model: The most simple and straight forward model and therefore often used in literature. The linear driving force (LDF) definition by Glueckauf [42] is used and not the often used Lagergren [43] pseudo first order definition. Differences in both interpretations are discussed by Rodrigues and Silva [44] .
In this equation k LDF1 is the kinetic constant, P CO2 is the CO 2 (partial) pressure in the reactor, q e the equilibrium loading at the corresponding CO 2 (partial) pressure and temperature in the reactor and q the loading at time t. q e is determined by the Toth isotherm, see Table 2 . The gas concentration is included in the form of the CO 2 pressure because Veneman et al. [12] showed the necessity.
• Pseudo-second order linear driving force model: Because in dry conditions two amine molecules are needed to capture one CO 2 molecule, the pseudo-second order is more correct from a mechanistic point of view.
Again k LDF2 is the kinetic constant, P CO2 is the CO 2 pressure, q e and q the loading at equilibrium with the reactor conditions and at time t respectively.
• Toth rate equation: The Toth isotherm is a Langmuir-based isotherm modified with a surface heterogeneity parameter t h , see Table 2 . Consequently, this parameter is found in the rate equation [45] .
In this equation k Toth is the kinetic constant, P CO2 is the CO 2 pressure in the reactor, q s is the maximum loading of CO 2 on the sorbent at any conditions, b is the equilibrium parameter which is also defined as = b k k ads des and q is the loading at time t. The parameters q t , s h and b can be determined by fitting the equilibrium capacities on the isotherm, see Section 3.1 and Tables 2 and 4 . (1)
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To determine the accuracy of fitted rate constants the Sum of Squared Errors of prediction (SSE) was calculated. For the fit of k ads on the loading versus time curve this can be done with Eq. (6).
In this equations is q t ( ) exp the experimental measured loading at time t and q t ( ) mod the loading predicted by the rate equation. To determine the SSE for the Arrhenius plot the q t ( ) exp and q t ( ) mod are replaced by k exp and k Arrhenius .
Error analysis and reproducibility
Error analysis have been performed on the experimental determined loading. The method of propagation of errors is used [46] . In Section 1 of the Supporting Information more details about the calculations can be found. In Table 3 the parameters and their errors are shown. The error of pressure sensors have been checked by calibration using a dead weight tester (Tradinco T2400-1) in the pressure range above atmospheric pressure and a pressure calibrator (Beamax MC-5) in the reduced pressure range. The errors found after calibration are within sensor accuracy. The PT-100 temperature sensors have been checked using a water bath and a analogue mercury temperature indicator.
The buffer vessel and reactor volumes have been determined using a separate calibration vessel (V cal ) and equilibration of nitrogen pressure. Using the pressure before and after equilibration the unknown volume can be determined. The volume of the calibration vessel is determined by filling it with water and measure the mass increase. The error shown for the calibration vessel in Table 3 is the standard deviation (95% confidence interval) of four measurements. The error shown for the reactor and buffer vessel is either the standard deviation of four measurements (column standard deviation, Table 3 ) or the error by propagation of the error in the pressure and calibration vessel (column error, Table 3 ). The value of the standard deviation has been used in further error propagation calculations.
The moisture content of the sorbent has been determined using TGA apparatus (Netsch STA-449). The average value and standard deviation of four measurements are shown in Table 3 . The wet sorbent mass added to the reactor has been determined using an analytic balance (Mettler AE100).
The error found in the loading is ± 0.19 mol kg −1 which is a significant relative error at low sorbent loading, although the relative error goes down rapidly with increasing sorbent loading. However, the reproducibility of the data seems to be much larger than ± 0.19 mol kg −1 as is shown in Fig. 2 . It is seen that the maximum difference between a duplicate measurement is 0.02 mol kg 
Particle model
A mathematical model for diffusion and reaction into a spherical particle is constructed to verify the absence of mass and heat transport limitations in the experimental dataset. During adsorption of CO 2 on porous solid sorbents three stages of mass transfer can be distinguished as shown in Fig. 3 . First, CO 2 has to be transported from the bulk through the film layer resistance to the interface (1, Fig. 3 ), also referenced to as external mass transfer. Next, CO 2 has to be transported into the pores of the particle (2, Fig. 3 ) as only little CO 2 can adsorb on the outer surface of the particle. This internal mass transfer is normally limited by either molecular or knudsen diffusion [47] . In case of a total pressure difference inside the pores viscous flow can play a role [47] . Finally, the CO 2 can react with the amine groups on the surface (3, Fig. 3 ). Transport phenomena for 3 . Schematic overview of transport phenomena during CO 2 adsorption into a particle. C g b , is the gas bulk concentration, C g i , the gas interface concentration on the particle outer surface and C p the gas concentration inside the particle pores. (1) shows the film layer resistance, (2) the diffusional transport into the pores and (3) reaction with the amine on the solid surface.
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The solid phase balance is shown in Eq. (8)and R ad is defined by the rate equations shown in Eqs. (3)- (5).
The energy balance is shown in Eq. (9) and used to determine temperature profiles inside the particle.
Thermal conductivity
The thermal conductivity of the sorbent particle was found to be an important parameter to predict if significant temperature gradients exist within in a particle. However, no literature data was found for Lewatit VP OC 1065 or polystyrene particles. Therefore, it was decided to measure the thermal conductivity of the sorbent. The thermal conductivity of the sorbent is determined by investigating temperature gradients within a fixed bed of particles, heated from the cylindrical wall and bottom area. From these experiments the effective thermal conductivity through the sorbent/air bulk can be determined. With the equation by Zehner and Schlünder [48] the measured effective thermal conductivity can be translated into the solid thermal conductivity. An average value of 0.43 W m −1 K −1 was found for the solid thermal conductivity. More details about the experimental methods and calculations can be found in the Section 2 of the Supporting Information.
Validation of the experimental method
Equilibrium capacity
The equilibrium capacity is an important factor in the rate equations as shown in the Section 2.4. From literature [49, [13] [14] [15] it is known that the Toth isotherm fits the equilibrium capacity well. However, in the study of Veneman et al. only a relatively small temperature range (303-373 K) is validated. In order to validate the kinetic rate equation in a larger temperature range new isotherm parameters are fitted. The experimental equilibrium data of Veneman et al. [49] is used. Additionally, equilibrium data from Sutanto et al. [13] is taken to include high temperature data. In this study, additional low temperature (278 K & 288 K) equilibrium capacities are measured. To check the experimental method used in this study equilibrium capacities are measured at 313 K and compared to data measured by Veneman et al. The found equilibrium capacities correspond well with capacities by Veneman et al. In Fig. 4 an overview of the data points is given.
The data have been fitted using least square minimization by the Globalsearch function in Matlab. The Normalized Standard Deviation (NSD) have been calculated with Eq. (10) . In this equation q exp is the experimental measured equilibrium capacity and q isotherm the loading predicted by the isotherm. N is the number of experimental points.
1 100
The parameters found are shown in Table 4 and compared with the Veneman parameters. It should be noted that the maximum capacity q s0 is fixed to 3.4 mol kg −1 for two reasons. First, the nitrogen loading in the sorbent is 6.8 mol kg −1 [50] and two amine molecules are needed to capture one CO 2 molecule in dry conditions. Second, it was seen that the fixation of q s0 significantly reduced the NSD. Next to fitting the data to the Toth isotherm it was tried to fit the Langmuir isotherm in order to reduce fitting parameters on both the isotherm and rate equation. However, opposite to results by Sonnleitner et al. [14] no accurate fit could be found. As is shown in Table 4 the NSD on the data set presented in Fig. 4 for the Veneman isotherm is significantly larger than for the fit in this work. In Fig. 5A can be seen that the Veneman isotherm significantly deviates from the parity plot outside the original temperature range. That is, at higher (> 100°C) and lower (< 30°C) temperatures. This means that the average accuracy of the isotherm reduces from ± 0.09 mol kg −1 originally to ± 0.15 mol kg −1 on the dataset presented here.
Furthermore, it is seen that both isotherms are under predicting the capacity at temperatures below 20°C. This might be an effect of change in mechanism as the absolute maximum (3.4 mol kg −1 ) of one CO 2 molecules reacting with two amine groups is approached. Additionally, it is shown in Fig. 5B that the isotherm presented here is accurate in range from 20 to 140°C resulting in an average accuracy of ± 0.12 mol kg −1 over the whole temperature range.
Effect of bypass valve V-2
During initial screening experiments it was found that the adsorption rate is fast. As a result, the initial pressure increase from vacuum to 
M.J. Bos et al. Chemical Engineering Journal xxx (xxxx) xxx-xxx
the experimental pressure was found to be relatively slow. As shown in Fig. 6B the pressure increase takes about 5 s to reach the experimental pressure for the 100 mbar experiment. This might have two consequences. First, the reactor pressure is not constant in the initial phase of the adsorption process. However, this is the most optimal phase to determine adsorption kinetics since the influence of equilibrium is minimal. As seen in Fig. 6A the sorbent loading is already as high as 0.5 mol kg −1 after 5 s which is around 20% of the equilibrium capacity.
Second, because of the slow increase in pressure the initial adsorption rate might be limited by the supply of CO 2 and thereby no truly intrinsic kinetics are measured. Because tuning of the PI control settings of the pressure control valve did not speed up the pressure increase sufficiently a bypass valve (V-2, Fig. 1 ) is installed. The pressure control valve (PCV-1, Fig. 1 ) and the bypass are opened in parallel. The bypass valve is closed after several hundreds of milliseconds depending on the desired reactor pressure. As shown in Fig. 6B the reactor pressure is significantly faster increased when V-2 is used. Thereby, CO 2 supply limitations are eliminated.
CO 2 concentration
External mass transfer limitations can be removed by using pure CO 2 as this will remove the film layer resistance. The effect of the CO 2 concentration is clearly seen in Fig. 7 . The difference between 25% and 50% of CO 2 is a result of the increase in driving force for mass transfer with increasing concentration. Internally, mass transfer limitations by molecular diffusion will be eliminated by using pure CO 2 . However, internal mass transfer limitations by Knudsen diffusion and viscous flow [47] might still influence the adsorption rate.
Particle size
The diameter of adsorbent particles will influence both, the internal and external heat and mass transfer properties. Where internal transfer is directly influenced by the diameter of the particle because of the penetration depth, external transfer is indirectly influenced since external heat and mass transfer coefficients are dependent on the diameter of the particle [51] . The diameter of the particles have been varied to see if heat and mass transfer limitations are minimized. In Fig. 8 is shown that largest fraction (355-500 μm) has a significant Table 4 . The temperature colour map is shared between the figures. Fig. 6 . Effect of the bypass valve V-2 on the initial reaction rate at 20°C and 100 mbar of pure CO 2 for particles with a diameter between 150 and 250 μm.
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lower adsorption rate than the other two fractions. The adsorption rate for the 150-250 μm and 250-355 μm fractions are almost equal. The results found are in line with results published by Goeppert et al. [52] which showed that adsorption kinetics increase with smaller particle diameters. Additionally, Goeppert et al. showed that below 250 μm influence of particle diameter on adsorption rate is minimized, although Goeppert et al. used a PEI-based sorbent. The results in Fig. 8 show that by reducing the particle diameter the influence of mass and heat transfer is minimized. As the influence of external mass transfer is already excluded by using pure CO 2 , heat transfer is most probably the reason that (355-500 μm) fraction has a lower adsorption rate. When the heat removal rate is not sufficient the particle temperature might increase and the equilibrium capacity might be influenced and with this the uptake rate. Next to that, to determine temperature dependency on kinetic parameters isothermal conditions are desirable. The influence of heat transfer and mass transfer inside the particles on the adsorption rate will be further discussed in relation to the particle model later on.
Summary
In the section above the influence of heat and mass transfer on the adsorption rate has been evaluated. Supply rate limitations of CO 2 have been eliminated by the use of a bypass valve. By using pure CO 2 limitations by external mass transfer and molecular diffusion into the sorbent pores have been removed. Analysis of the particle diameter showed that influence of heat transfer and internal mass transfer is minimized. All experiments discussed in Section 4 are performed with the particle diameter fraction between 150 and 250 μm.
Results and discussion
Effect of temperature and CO 2 pressure
The effect of temperature and pressure is shown in Fig. 9 . It is clear that a higher pressure will lead to a higher adsorption rate as shown in Fig. 9B . The exact order of the reaction in the gas phase is discussed in the Section 4.2 below. A higher temperature will also increase the reaction rate as can be seen in Fig. 9A . The temperature dependency of the reaction rate will be described using the Arrhenius equation and is further discussed in Section 4.3.3.
In Fig. 9A is seen that loading for the 40°C experiment levels off because it reaches the equilibrium capacity. The 40°C experiment reaches the equilibrium capacity faster than the lower temperatures because of two reasons. First, the equilibrium capacity decreases with temperature, see Fig. 4 . Second, because of the increased reaction rate the equilibrium capacities is reached quicker. Similarly to literature [26, 27, 29] it seen that the initial adsorption rate is high since it takes about 200 s to reach 80% of the equilibrium capacity. However, the last 20% takes over 1000 s at 40°C. At 5°C the situation is even worse; in the first 200 s about 50% of the equilibrium capacity is reached. However, reaching equilibrium at these low temperatures takes over an hour. This effect of temperature is of importance for air capture applications as the air capture system may behave totally different on a cold winter day compared to a hot summer day. Therefore, it is important to include temperature effects during design of the capture equipment.
Gas phase reaction order
In literature [12] it is shown that the reaction rate of CO 2 is first order in the gas phase concentration. This statement is verified by plotting the logarithm of the ∂ ∂ q t / versus the CO 2 pressure in Fig. 10 . The slope of the line is equal to power of the CO 2 pressure and thus the reaction order in the gas phase. ∂ ∂ q t / is determined by fitting a rational polynomial -both first order in the nominator and denominator -to the loading versus time curve. Next, the derivative of the continuous polynomial can be determined. The reaction order in CO 2 partial pressure has been evaluated with experiments performed at 5°C. Due to the slow reaction rate at 5°C the reaction order can be evaluated at low loading and thereby the influence of equilibrium is minimized. In Fig. 10 can be seen that the apparent gas phase reaction order is an function of the loading. However, since the fits of 0.8 and 1.2 mol kg −1 are more accurate and the found reaction order is close to one it is concluded that the reaction order in the gas phase is indeed first order.
Reaction rate equation
The reaction rate equations presented in Section 2.4 are fitted to the experimental data to find the corrosponding kinetic rate constant. Experiments have been performed in the temperature range of 5-40°C, at 50, 100 and 200 mbar of CO 2 pressure and using the particle diameter fraction between 150 and 250 μm. The fitting of k ads is performed on the time range from 5 to 90 s. The starting point of 5 s is chosen to be sure that the pressure and temperature inside the reactor are constant in the Fig. 7 . Influence of the CO 2 concentration on reaction rate at 20°C, 100 mbar of CO 2 pressure and particle diameter between 150 and 250 μm. Dilution of the CO 2 is performed by filling the reactor with nitrogen pressure (0/100/300 mbar N 2 ) before the start of the experiment. Symbols are added to increase distinction between lines. Fig. 8 . Reaction rate as a function of sorbent particle size at 40°C and 100 mbar of pure CO 2 . Symbols are added to increase distinction between lines.
fitting range. The end point 90 s is determined by minimizing the SSE (see Eq. 6) of the fit for the Toth isotherm with the Veneman parameters for varying time ranges. More details can be found in Section 3.1 of the Supporting Information. For every reaction rate equation the fit for a 100 mbar and 20°C experiment is shown as an example. Moreover, the Arrhenius plot is given to see the temperature effect on the reaction rate parameters.
Linear driving force
First, the pseudo-first order linear driving force (PFO-LDF) and pseudo-second order linear driving force (PSO-LDF) rate equations are analysed. In Fig. 11 the results for the PFO-LDF rate equation are shown and in Fig. 12 the results of the PSO-LDF rate equation are shown. In Fig. 11A it seen that the pseudo-first order is not able to describe the shape of the experimental curve. In Section 3.2 of the Supporting Information the kinetic rate constant and SSE of all experiments fitted are reported. It is seen that the SSE is increasing with temperature and pressure. This shows that the steeper the loading curve versus time is, the worse the fit becomes. It can be concluded that the PFO-LDF is not a suitable equation to describe the adsorption reaction.
From the SSE in Fig. 12B can be seen that the PSO-LDF describes the shape of the experimental curve significantly better as the SSE is only one-third of the SSE of the PFO-LDF. The pseudo-second order fits better due to the second order in the number of free adsorption site. This accounts for the mechanism of adsorption in which two amine groups are needed to react with one CO 2 molecule in absence of H 2 O. For the PSO-LDF no effects of temperature and pressure on the goodness-of-fit parameters were observed, see Section 3.1 of the Supporting Information. From Figs. 11B and 12B can be seen that the Arrhenius equation describes the temperature dependency well for the LDF equations. However, the influence of pressure is not accounted for correctly by the LDF models.
Toth rate equation
Second, the Toth reaction rate equation is evaluated with both parameters set A and B from Table 4 . The results are given in Figs. 13 and 14. Overall is seen (Fig. 13A and 14A ) that the fit of both Toth reaction rate equations are much better than the LDF equations. Evaluating the SSE of all experiments as shown in Section 3.2 of the Supporting Information shows that SSE for the Veneman et al. parameters (set A) is slightly higher than for the parameters presented in this work (set B). On the other hand, looking at the SSE of the Arrhenius plot in Figs. 13B and 14B shows the opposite. The Arrhenius fit has a lower SSE with the Veneman et al. parameters compared to the parameters from this work. Also remarkable is the difference in pre-exponential factor by a factor 1000. This might be an effect of the change in activation energy which is discussed in more detail below. It is important to emphasize the huge influence of the isotherm parameters on the kinetic constants found. Therefore, it is important to pay attention to both the isotherm parameters and the kinetic constants during fitting of the reaction rates.
Activation energy
Looking at the activation energy for the Veneman Toth fit = − E 28.8 kJ mol act 1 it seen that this is very close to the values found by Mukherjee et al. [19] for aqueous benzylamine reaction with CO 2 of − 26 kJ mol 1 . Additionally, Wang et al. [36] found an activation energy in the same range of The difference in activation energy for both the Toth rate equation fits might be explained by the equilibrium parameter b. The equilibrium parameter b is an Arrhenius type of equation with the isosteric heat of adsorption H Δ as parameter, see Table 2 . The value of isosteric heat of adsorption will influence the temperature effect on the reverse reaction, see Eq. (5). As the degree of sorbent saturation in the fitting period (12-80%) is such that the reverse reaction can not be neglected, it might have an effect on the apparent temperature dependency of the forward reaction and consequently on the activation energy found.
Verification of rate expression
The found rate expressions are verified by use of the mathematical model presented in Section 2.6. In Fig. 15 it seen that the Toth rate equation with this works isotherm (set B) predicts the experiment better. However, it is seen that the deviation of the Veneman parameters (set A) is the effect of the error in prediction of the equilibrium capacity since the initial rate is correctly predicted. This is confirmed when looking at the SSE of all experiments in Section 3.3 of the Supporting Information. When fitting to 100 s no clear distinction can be made between the two isotherm sets. This shows that initial reaction rate is predicted correctly for both isotherm sets. However, looking at the SSE for the fit until 1000 s a clear effect of prediction of the equilibrium capacity is seen. For temperatures below 25°C the isotherm from this work (set B) predicts the experiments better. However, inline with the parity plots presented in Fig. 5 , the Veneman et al. isotherm (set A) predicts the experiments better at higher temperatures. In consequence, for longer times the isotherm parameters predicting equilibrium capacity are more important than the kinetic parameters for a good fit of experimental data. 
Summary
The analysis above showed that the pseudo-first order LDF equation is not able to fit the data. The pseudo-second order LDF fits the temperature dependency of the adsorption rate. However, the pressure influence is not correctly described.
The Toth reaction rate equation describes both the temperature and pressure dependencies. The goodness-of-fit parameters for both sets of isotherm parameters (A & B, Table 4 ) are close. The quality of prediction of the initial reaction rate is independent of the isotherm and kinetic parameters. For longer times, however, the prediction of loading is strongly dependent on the prediction of the equilibrium capacity by the isotherm parameters used.
Experimental method verification
The particle model is used to verify that indeed intrinsic kinetics are measured and that heat and mass transfer limitations have been eliminated. The model presented in Section 2.6 has been used with the rate equation of Toth using the Veneman isotherm parameters. A worst case scenario for external heat transfer is assumed by using Nu = 2 for a stagnant gas around at particle. However, in the experiment most of the particles are in contact with the thermostated bottom of the reactor, which improves heat transfer by conduction.
In Fig. 16 the maximum temperature increase in the particle centre is shown for a fast, mediocre and slow experiment. It seen that the maximum temperature increase is about 8 K for the fastest experiment performed. However, at the start of the fitting interval at 5 s the temperature is almost back to the initial temperature. This shows that the effect of the temperature increase on the fit will be minimal. Especially, because the effects are smaller for the slower experiments and heat transfer is expected to be under predicted by the model. Additionally, the radial profiles for the fastest experiment are studied in Fig. 17 . In Fig. 17 can be seen that there is no radial temperature profile in the particle. This shows that heat transfer is externally limited, which might be an effect of the assumption of Nu = 2. However, as discussed before the external heat transfer might be larger in the experimental setup. Consequently, with increased external heat transfer the maximum temperature increase will be lower.
The concentration profile in Fig. 18 shows that in the first second a significant radial concentration profile is present. However, after 5 s the concentration inside the particle is almost equal to the bulk concentration. Therefore, it is not expected that the diffusional resistance 
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Conclusion
To measure the intrinsic reaction kinetics for CO2 adsorption on a solid amine sorbent an experimental method has been developed and applied. To ensure the absence of transport limitations, the influences of supply rate, heat and mass transfer on the adsorption rate have been evaluated. Supply rate limitations of CO 2 have been eliminated by the use of a bypass valve. By using pure CO 2 external mass transfer and molecular diffusion into the sorbent pores have been removed. Experimental analysis of the particle diameter showed that influence of heat transfer and internal mass transfer is minimal and mathematical modelling of the convection, diffusion and reaction rate inside the particle confirmed the absence of mass and heat transfer limitations and, hence, confirmed the measurement of intrinsic kinetics.
Analysis of the experimental data showed that the pseudo-first order and pseudo-second order linear driving force equations are not able to describe the experiments. Especially, the pseudo-first order linear driving force is not able to describe the strong non-linear behaviour of the particle loading in time. The Toth isotherm based rate equation was found to predict the experiments well. The found kinetic parameters show a strong correlation with the isotherm parameters used, especially for partially loaded sorbents. The above results show that for prediction of both the intial and equilibrium loading a rate based isotherm equation is necessary for consistent description of both kinetics and equilibrium. 
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